Strong genetic data link the Tyrosine kinase receptor B (TrkB) and its major endogenous ligand brain-derived neurotrophic factor (BDNF) to the regulation of energy homeostasis, with loss-of-function mutations in either gene causing severe obesity in both mice and humans. It has previously been reported that peripheral administration of the endogenous TrkB agonist ligand neurotrophin-4 (NT-4) profoundly decreases food intake and body weight in rodents, while paradoxically increasing these same parameters in monkeys. We generated a humanized TrkB agonist antibody, TAM-163, and characterized its therapeutic potential in several models of type 2 diabetes and obesity. In vitro, TAM-163 bound to human and rodent TrkB with high affinity, activated all aspects of the TrkB signaling cascade and induced TrkB internalization and degradation in a manner similar to BDNF. In vivo, peripheral administration of TAM-163 decreased food intake and/or body weight in mice, rats, hamsters, and dogs, but increased food intake and body weight in monkeys. The magnitude of weight change was similar in rodents and non-human primates, occurred at doses where there was no appreciable penetration into deep structures of the brain, and could not be explained by differences in exposures between species. Rather, peripherally administered TAM-163 localized to areas in the hypothalamus and the brain stem located outside the blood-brain barrier in a similar manner between rodents and non-human primates, suggesting differences in neuroanatomy across species. Our data demonstrate that a TrkB agonist antibody, administered peripherally, causes species-dependent effects on body weight similar to the endogenous TrkB ligand NT-4. The possible clinical utility of TrkB agonism in treating weight regulatory disorder, such as obesity or cachexia, will require evaluation in man.
Introduction
Obesity is a debilitating disorder associated with several comorbidities, including type 2 diabetes and cardiovascular disease. It is well recognized that a tight regulation of the balance between energy intake and energy expenditure is key for weight neutrality, and numerous factors have been involved in this highly regulated and conserved process. Recently, the neurotrophin family of growth factors, more specifically brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) has been implicated in the regulation of energy balance. Loss-of-function mutations in BDNF or its receptor, tyrosine receptor kinase B (TrkB), have been associated with severe obesity and hyperphagia in both humans and mice [1] [2] [3] [4] [5] , and studies in mice have shown that ablation of BDNF specifically in neurons is sufficient to induce obesity [6] . Central administration of BDNF or NT4 decreased food intake in mice and non-human primates (NHPs) at relatively low concentrations, suggesting that neurotrophins can regulate food intake by activating TrkB in deeper brain structures [7, 8] . Consistent with these findings, peripheral BDNF or NT-4 administration induced body weight loss in several rodent models of obesity and diabetes, and the effect was mainly caused by appetite suppression [9, 10] . However, in contrast to rodents, peripheral injection of the TrkB ligand NT-4 resulted in a paradoxical increase in food intake and body weight in lean and obese NHPs [7] , suggesting different mechanisms of TrkB activation between rodents and NHPs.
In rodents and humans, TrkB and BDNF are highly expressed in two major appetite-regulatory centers: the hypothalamus (HT) and the dorsal vagal complex of the brain stem (DVC) [11] [12] [13] . BDNF injections directly into the HT or DVC resulted in significant decreases in food intake and body weight, suggesting that BDNF can act at multiple appetite-regulatory sites [8, 11] . It is well recognized that the central nervous system is protected by the blood brain barrier (BBB), which creates tight junctions around the capillaries and prevents the entry of large molecules into the brain. However, specialized regions of the CNS positioned near the ventricular system and called circumventricular organs (CVOs) contain fenestrated endothelia rather than tight junctions and allow access of large molecules to structures, including the median eminence located near the arcuate nucleus (ARC) of the HT and the area postrema (AP) which constitutes part of the DVC [14] . It is well documented that peripherally injected appetite-regulatory antibodies can localize to these sites, and their body weight regulatory effects are thought to be mediated through access to CVOs [15, 16] . TrkB ligands may also act through these sites, and differences in the permeability or microanatomical location of the BBB in these regions between rodents and NHPs could possibly explain the reported food intake and body weight differences after peripheral injections.
In addition to TrkB, the endogenous TrkB ligands BDNF and NT-4 both bind to and activate a second structurally unrelated neurotrophin receptor, p75NTR. Activation of p75NTR induces cellular responses that are often the opposite of TrkB activation. For example, activation of p75NTR by neurotrophins promotes apoptosis rather than cell survival and facilitates hippocampal long-term depression rather than long-term potentiation [17] . Unlike neurotrophins, TrkB agonist antibodies do not recognize p75NTR, and thus are more specific TrkB reagents that allow examination of the effects of TrkB activation in the absence of p75NTR [18] .
To evaluate the therapeutic potential of activating TrkB in vivo and to understand better the species differences and mechanisms behind them, we have generated a fully humanized TrkB agonist antibody, TAM-163, and tested its efficacy in several preclinical species and in different models of obesity. Our results confirm the previous observation that peripheral TrkB activation causes opposite effects on body weight and food intake in rodents and non-human primates and suggest that the mechanism is independent from differences in brain penetration between species.
Materials and Methods

Protein Generation
TAM-163 is a humanized derivative of 29D7 [18] containing the human IgG1 heavy chain and the human kappa light chain. The human IgG1 control protein consists of the variable domains of a human anti-tetanus toxin antibody (obtained from ATCC) fused to the constant regions of human IgG1. Unless otherwise indicated, control proteins and TrkB extracellular domain recombinant proteins were obtained from R&D Systems. An expression vector containing humanized (human IgG1) 29D7, designated TAM-163, was stably transfected into CHO cells. Supernatant was collected from cells grown in serum-free medium, and TAM-163 was purified by Protein A affinity chromatography followed by size exclusion chromatography. The final protein preparation was .99% pure, and was stored at 4uC in 10 mM LHistidine-5%sucrose (his-sucrose), pH 5.5-6.5 buffer.
Surface Plasmon Resonance (SPR)
Human and mouse TrkB extracellular domain recombinant proteins were immobilized at a low density on a CM5 chip (41 and 30 response units respectively) and various concentrations of TAM-163 were injected over the surface using a 2 minute association and 4 minute dissociation. The surface was regenerated with 4 M MgCl 2 between injection cycles. Data analysis was done using a 1:1 fit model and the affinity constants ka (association rate constant), kd (dissociation rate constant) and KD (affinity) were calculated.
Generation of hTrkA-Cre, hTrkB-Cre and hTrkC-Cre Cell Lines
The hTrkA-Cre, hTrkB-Cre and hTrkC-Cre cell lines have been described before [18] . To generate a mouse TrkB-Cre cell line, the full-length mouse TrkB open reading frame was subcloned into pcDNA3.1-Hyg (Invitrogen) and transfected into HEK293 cells stably expressing a luciferase reporter construct. Stable clones were isolated and screened for expression of TrkB by Western blotting, for signaling by Cre-luciferase reporter assay as well as TrkB and ERK1/2 phosphorylation. Clones with moderate expression of TrkB were found to have the best signal to background ratio in signaling assays and one representative clone was selected for signaling experiments. A cell line stably expressing dog TrkB was generated in HEK293 cells. Cells expressing intermediate levels of dog TrkB were identified by Western blotting using anti-Trk antibodies (Becton Dickinson and Chemicon) and individual clones were tested for their ability to mediate BDNF-induced phosphorylation events.
Cre-luciferase Reporter Assays
Stable cell lines expressing both a CRE-luciferase reporter construct and hTrkA (hTrkA-Cre), hTrkB (hTrkB-Cre) or hTrkC (hTrkC-Cre) were generated using standard techniques [18, 19] . Cells were plated at 35,000 cells/well in 100 mL growth medium (DMEM, 10% FCS) in 96-well plates. The next day, 10 mL of antibody or endogenous ligand was added to each well and cells were incubated for another 16-18 hours. Luciferase activity was measured using the Steady-Glo Luciferase Assay System (Promega, E2520) according to the manufacturer's protocol.
SHC1 Recruitment Assay
SHC1 recruitment to phosphorylated hTrkA, hTrkB, and hTrkC was measured using the Pathhunter technology (Discoverx). 10,000 cells/well were seeded in a 384-well plate in 20 ml MEM +0.5% horse serum, and incubated overnight at 37uC. 5 mL/well of agonist or control was added at the designated concentration, and plates were incubated at room temperature for 3 hours. Then 12 mL/well of enzyme substrate (PathHunter Detection Reagent Mix, Discoverx) was added, and further incubated for one hour before reading the chemiluminescent signal in the EnVision (PerkinElmer). Experiments were performed in triplicate.
Detection of Phosphorylation by Western Blotting
5610e5 cells/well in DMEM, 10% FBS, were plated in 6-well plates and grown to 85-90% confluency. Cells were washed once with DMEM, 0.1% FBS and then incubated in the same medium for 4 hours. Cells were treated with antibodies or endogenous ligands for 15-60 minutes. Cells were lysed and lysates were heated at 100uC for 5 min. Samples were resolved on a NuPAGE 4-20% Bis-Tris gradient gel (Invitrogen) and Western blotting was performed using anti-phospho-Trk (Tyr490), anti-phospho-PLCc1 (Tyr783), anti-phospho-AKT (Ser473), anti phospho-ERK1/2 (p44/p42 Thr202/Tyr204) from Cell Signaling or anti-actin (Sigma). Membranes were incubated with the appropriate HRPconjugated secondary antibody (Cell Signaling) for 2 hours. The signals were developed using the ECL kit (GE Healthcare RPN2106V) followed by X-ray film exposure or Gel-Doc (BioRad) to capture the image.
TAM-163-mediated signaling was assessed in human neuroblastoma (SH-SY5Y) cells as follows. SH-SY5Y cells were obtained from ATCC (CRL-2266) and were maintained in DMEM:F12 (1:1) growth medium supplemented with 2 mM Lglutamine, 15% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin. Cells were incubated with 10 mM all-trans retinoic acid (BioMol International GR-100) for 3 days to induce differentiation. Cells were then cultured in low serum media (growth media with 1% FBS) overnight, and further cultured in 0.1% FBS medium for 4 hours prior to addition of TAM-163. Cell lysis and western blotting was performed as described above.
TrkB Internalization and Degradation
The TrkB internalization was detected by measuring cell surface associated TrkB in the presence or absence of TrkB activation as described [20] . hTrkB-Cre and SH-SY5Y cells were grown to 90% confluency, serum starved in 0.1% FBS for 4 hours, and then treated with 20 nM BDNF (R&D), 100 nM TAM-163 or 100 nM hIgG for the indicated times at 37uC to allow binding and internalization to occur. Cells were then put on ice and remaining cell surface proteins were biotinylated with 300 mg/mL Sulfo-NHS-Biotin (Thermo Scientific) for 30 minutes on ice. After quenching with 100 mM glycine (Sigma) and washing with cold PBS, cells were lysed (Lysis buffer: 0.1% SDS, 1% NP-40, 50 mM HEPES pH 7.4, 2 mM EDTA, 100 mM NaCl and protease inhibitors), and debris was cleared by centrifugation in an Eppendorf microfuge at 13,000 rpm for 10 minutes. Biotinylated proteins in the supernatants were allowed to bind to streptavidincoated beads (Invitrogen, Dynabeads M-280 Streptavidin) for 1 hour at 4uC; beads were then washed twice with PBS, and protein was eluted by boiling beads with 40 uL of sample loading buffer (Invitrogen). Proteins were analyzed by western blotting using the following antibodies: anti-TrkB (Becton Dickinson), anti-EGFreceptor (Cell Signaling), and anti NMDA-receptor1 (Cell Signaling).
Degradation of the internalized TrkB was detected following the process as described [21] . hTrkB-Cre and SH-SY5Y cells were grown to 90% confluency and serum starved in 0.1% FBS for 4 hours. Cell surface proteins were biotinylated with 300 ug/mL Sulfo-NHS-Biotin (Thermo Scientific) for 30 min on ice. Cells were treated with 10 nM BDNF, 100 nM TAM-163, or 100 nM hIgG1 for the indicated time. Cells were lysed and biotin labeled TkB was processed and analyzed by western blot as described above.
Cloning and Sequencing of TrkB Across Several Species
Human TrkA (hTrkA), human TrkB (hTrkB), human TrkC (hTrkC), and mouse TrkB (mTrkB) cDNAs were cloned into the mammalian expression vector pcDNA3.1-Hyg (Invitrogen) using standard molecular cloning techniques. Human p75NTR was cloned into the mammalian expression vector pSMED2 (Pfizer internal vector). The final constructs were confirmed by sequencing; the open reading frame was found to be 100% identical to NM_002529.3, NM_006180, NM_001012338.1, NM_001025074 and NM_002507 for hTrkA, hTrkB, hTrkC, mTrkB and hp75NTR, respectively. TrkB from cynomolgus monkey, and dog was cloned by PCR using the Stratagene Easy-A High-Fidelity system (Stratagene, La Jolla, CA) with brain cDNA from each species as a template (BioChain, Hayward, CA, USA), and the following primers: Cynomolgus monkey:59GAATTCGCCGC-CACCATGTCGTCCTGGATAAGGTGGCATGGAC and 59GCGGCCGCCTAGCCTAGAATGTCCAGGTAGACCG-GAG; Dog: 59GGATCCGCCGCCACCAT-GTCGTCCTGGACGAGGTGGCATGG and 59GCGGCCGCCTAGCCTAGAATATCCAGGTAGAC-TGGA. PCR fragments were cloned into the pCR2.1-TOPO and pcDNA3.1-Hyg vector using standard molecular cloning techniques, and 8-16 clones per species were sequenced. For cynomolgus monkeys, among 10 clones sequenced, 2 TrkB-a and 8 TrkB-c splice variants were identified, and a total of 23 nucleotide polymorphisms (20 silent, 3 missense) were noted. These polymorphisms could reflect the outbred nature of the monkey population, but could also be due to PCR artifacts. The most commonly occurring sequence variants (TrkB-c splice variant) were used for sequence comparisons and to generate expression constructs.
Animal Studies
All animals were housed in a temperature-controlled (,25uC), 12-hour light/dark cycle facility and were fed chow or high-fat diets and water ad libitum unless otherwise indicated. For all in vivo studies, the dose was based on the most recent scheduled body weights recorded prior to dosing.
Ethics Statement
All experimental work was conducted in accordance with the humane guidelines for ethical and sensitive care by the Institutional Animal Care and Use Committee (IACUC) of the US National Institutes of Health. All studies conducted in our facilities were performed under Pfizer IACUC approved protocols. Study performed in male obese rhesus monkeys was approved by the Charles River Laboratory IACUC. Specific steps to monitor and alleviate discomfort associated with the procedures are described below.
Efficacy of TAM-163 in Animals
Six-week-old male C57BL/6J mice were fed a high-fat diet (D12492, Research Diets) for 11 weeks at The Jackson Laboratory (Bar Harbor, ME, USA) and acclimated one per cage in our facility for an additional 2 weeks before study initiation. Mice received 3 intraperitoneal (IP) doses of IgG control (10 mg/kg in PBS) or TAM-163 (1, 3 and 10 mg/kg in PBS) on days 1, 8 and 15. Body weight and food intake were measured weekly. Animals were euthanized by CO 2 asphyxiation 22 days after the first dose, blood was collected and serum extracted for insulin measurements.
Twelve-week-old male Zucker Diabetic Fatty (ZDF) rats were purchased from Charles River (Wilmington, MA) and housed one per cage in our facility for 3 weeks prior to study initiation. Animals received 2 doses of IgG control (10 mg/kg in PBS, IP) or TAM-163 (0.1, 1 and 10 mg/kg in PBS, IP) on days 1 and 4. Body weight and food intake were measured every other day. Animals were euthanized by CO 2 asphyxiation 7 days after their first dose, blood was collected and serum extracted for insulin measurements.
Ten to thirteen-week old male Syrian Gold hamsters were obtained from Harlan (South Easton, Ma), housed 3 per cage and acclimated in our facility for one week on standard chow diet followed by two weeks on high-fat high-cholesterol diet before study initiation. During the last 2 weeks of acclimation and throughout the study, hamsters received 10% sucrose in their drinking water. Animals were dosed twice with IgG control (10 mg/kg, IP) or TAM-163 (3 and 10 mg/kg, IP) in his-sucrose vehicle (10 mM L-Histidine 5% Sucrose pH 5.5-6.5) on days 1 and 8. Body weight was measured weekly. Animals were sacrificed by CO 2 asphyxiation at the end of the study.
Adult beagle dogs from an in-house colony were singly housed and fully acclimated for at least 6 weeks with access to regular chow diet once a day. Animals received a single dose of vehicle (his-sucrose, SC) or TAM-163 (10 mg/kg, SC) on day 1. Body weight was recorded twice weekly for the first eight weeks of the study (until day 28), and once weekly thereafter. After completion of the experimental phase of the study, dogs were returned to the Pfizer Animal Health colony.
Three to six year-old male rhesus monkeys were fed a high-fat diet (45% kcal fat D06051301A, Research Diets) for 9 months prior to study initiation and housed individually in stainless steel cages. The study was conducted at Charles River Laboratory (Shrewsbury MA). Animals were acclimated to pole/collar and chair before the performance of the required technical procedures. General health as well as moribundity/mortality checks were performed twice daily (AM and PM) throughout the course of the study. Animals were trained to feed for 1.5-2.5 hours twice daily (minimum of 6 hours apart) approximately 2 weeks before the start of the study to minimize spillage and to acclimate them to a consistent feeding regimen. Animals were given at least 260 g of food at each feeding which was quantitatively verified by weighing. After animals were allowed to feed for the 1.5-2.5-hours duration, the amount of food consumed was determined by weighing the remaining uneaten food. If there was excessive spillage, or other related observations that could impact the food consumption measured, this was documented in the study file. For each feeding, the uneaten food was discarded and new food provided. As part of the primate enrichment program, diet was supplemented with washed, fresh produce once daily at one of the feedings and animal commingling was allowed when food consumption or behavioral assessments were not being monitored. In the single dose study, animals received 4 weekly doses of vehicle (his-sucrose, IV) followed by a single dose of TAM-163 (1, 3 or 10 mg/kg, IV). Body weight was measured twice weekly while food intake was measured 5 days a week. For the multiple dose study, animals received 4 weekly doses of vehicle (his-sucrose, IV), followed by 4 weekly doses of TAM-163 (10 mg/kg, IV) and then received 4 additional weekly doses of vehicle. Body composition (described below) was determined only in the multiple dose study, and measurements were performed during the last week of initial vehicle and TAM-163 treatments. After completion of the experimental phase of the study, monkeys were returned to the Charles River Laboratory colony.
Body Composition
Body composition was measured in male rhesus obese monkeys by Dual-Energy X-Ray Absorptiometry (DEXA) while the animals were tranquilized with either ketamine HCl (10 mg/kg, IM, to effect), or Telazol H (2-6 mg/kg, IM, to effect). Analysis was performed using the General Electric (GE) Lunar DEXA according to the manufacturer's operating instructions.
Serum Insulin
Serum insulin was determined using the ultrasensitive rat insulin ELISA (Crystal Chem, Inc., Downers Grove, IL, USA).
Pharmacokinetic/pharmacodynamic Studies in Lean Animals
For pharmacology studies in lean rats, 9 week-old male and female Sprague-Dawley rats were obtained from Charles River (St-Constant, Quebec, Canada) and acclimated in our facility before receiving 2 doses of TAM-163 at 3 mg/kg via a jugular vein catheter or a single intravenous (IV) bolus dose at 20, 60 or 200 mg/kg. Body weight measurements and serum collection for determination of test article concentration by an immunoassay were conducted at pre-dose and after 28 days for the 3 mg/kg dose group or pre-dose and periodically through 24 days for the 20, 60 and 200 mg/kg groups. Animals were sacrificed by CO 2 asphyxiation at the end of the experimental procedures. Naïve 3-6 year-old male and female cynomolgus lean monkeys were housed in our facility and given a daily food ration of Teklad certified Global Primate Diet biscuits (with additional biscuits offered if all were consumed at several times throughout the day) and allowed water ad libitum. Care was taken that animals had excess biscuits for each meal. Fruits and vitamin supplements were also provided daily. General health as well as moribundity/ mortality checks were performed at least once or twice daily, respectively, throughout the course of the study. Animals received a single IV bolus dose of TAM-163 (1, 3, 20, 60 or 200 mg/kg). Body weights were measured 7 days post dose for animals dosed at 1 and 3 mg/kg, or twice prior to dosing and twice weekly through 6 days postdose for females and through 24 days postdose for males dosed at 20, 60 and 200 mg/kg. Blood was collected and serum processed for measurement of TAM-163 concentrations periodically through 7 days postdose for females and through 24 days postdose for males dosed at 20, 60 and 200 mg/kg. At the end of the study, all monkeys were given glycopyrrolate with ketamine hydrochloride, anesthetized with a sodium pentobarbital solution and exsanguinated.
Alexa Labeling of Antibody
For mice, Alexa labeling of TAM-163 or human IgG control was done using an Alexa Fluor 594 Protein Labeling Kit (Molecular Probes). First, 50 mL of cold 1 M sodium bicarbonate (Component B, pH 8.3, made in deionized water (dH2O)) was added to 500 mL of TAM-163 or human IgG control (2 mg/mL) and allowed to warm to room temperature (RT). The RT reaction was added to a RT vial of reactive dye included in the kit and reaction mixtures were stirred for 1 hour at RT. Labeled protein was purified by column filtration as described in the kit instructions and stored at 4uC. Degree of labeling was quantitated by measuring the absorbance of the conjugate solution at 290 nm and 590 nm in a cuvette with a 1 cm pathlength. Protein concentration (M) was calculated by [(A280-(A59060.56))6dilu-tion factor]/203,000 and degree of labeling (moles dye per mole protein) was calculated by (A5906dilution factor)/(7300,protein concentration (M). The dilution factor was 1:100. Alexa labeled TAM-163 (Alexa-TAM-163) or Alexa labeled IgG control (AlexaIgG) was diluted in vehicle (PBS) just prior to administration. The protein concentration was 15.66 mg/ml and administered within 1-2 days of production.
For NHPs, TAM-163 was thawed, formulated into PBS pH 7.2, concentrated to 20 mg/mL, and adjusted to 0.1 M NaHBCO3 pH 8.6. The Invitrogen Alexa Fluoro568 (A20103) was reconstituted with DMSO to 10 mg/mL, and was slowly added to the prepared TAM-163 solution. The reaction was incubated one hour at room temperature with continuous stirring. The reaction was stopped by formulation into PBS pH 7.2 via Sephadex G25 column. The peak was collected and analyzed by with OD280/ 577, Endotoxin LAL Assay, SEC-HPLC, SDS-PAGE, and IEF-PAGE. Alexa-labeled TAM-163 or IgG control was intravenously (IV) administered to monkeys at a volume of 1 mL/kg body weight.
Animal Studies for Alexa-labeled TAM-163 Detection
Twelve adult (,20 week old) male DIO C57BL/6NTac mice (28-50 g; Taconic Laboratories) were maintained one per cage in our facility and allowed high-fat diet (Research Diets, D12492, 60% HFD) and water ad libitum in a light-and temperaturecontrolled environment. Animals were weighed, assigned to 4 TAM-163 Effects on Body Weight PLOS ONE | www.plosone.orggroups based on body weight and subsequently injected with Alexa-TAM-163 or Alexa-IgG (10 mg/kg, IP). Half the animals (n = 3 per group) were used to confirm that Alexa-labeling of TAM-163 did not affect its efficacy (acute food intake and body weight measurements). The other half was perfused 6 hours postinjection (n = 3/group). For procurement of tissue for histological examination, animals were deeply anesthetized with an IP injection of ketamine:xylazine (100:20 mg/kg, IP) and subsequently perfused transcardially with 20 ml of 0.9% PBS followed by 20 mL of 4% paraformaldehyde. Brains were removed, stored in the same fixative overnight at 4uC, immersed in 30% sucrose in PBS, pH 7.0, at 4uC overnight, and cut on a cryostat coronally into six equal series at 30 mm. The sections were placed at 4uC in PBS until further histological processing.
Eight 12 to 15 year-old male cynomolgus monkeys (macaca fascicularis) were maintained in our facility and fed Harlan Primate Chow 2050 with water available ad libitum in light-and temperature-controlled environment. Animals were either singly housed or paired in one cage. Monkeys were given various produce such as apples, oranges, bananas, grapes, and peanuts. In addition, animals were supplied with various toys and fleece boards for enrichment. Animals were tranquilized with ketamine (10 mg/kg, IM) and injected with Alexa-TAM-163 or AlexaIgG (10 mg/kg, IV) with n = 4 per group. Approximately 6 hours later, animals were administered Telazol (4 mg/kg, IM) followed by 5000 units of heparin and then deeply anesthetized with sodium pentobarbital (100 mg/kg, IV) and subsequently perfused transcardially with a saline solution (0.9% saline) at a perfusion rate of 2 L in 3-5 minutes. Animals were perfused until no red blood cells were evident exiting the right atrium. Next, animals were perfused with 6 L of 4% paraformaldehyde at the rate of 2 L per 15 minutes. Brains were extracted and blocked into anatomically relevant divisions. After blocking brain tissue, sections were post fixed in 4% paraformaldehyde for 2 hours at 4uC then transferred to 10% glycerol cyroprotectant for 24 hours at 4uC. Tissue blocks were then transferred to 20% glycerol cryoprotecant for 72 hours at 4uC. Tissue blocks were then flash frozen in a small beaker of isopentane on dry ice and placed in labeled foil packets and stored at -80uC. Tissue blocks were coronally sectioned on a cryostat into 24 equal series at 30 mm. The sections were placed at 4uC in PBS until further histological processing. 
Immunohistochemistry
For visualization of Alexa-TAM-163 labeling, free-floating sections of mouse or NHP tissues were mounted on SuperFrost Plus slides and coverslipped with vectashield hardest mounting medium with Dapi counterstain (Vector Laboratories). Due to the high level of auto-florescence in NHP tissue, anti-human IgG antibody coupled with a chromogenic detection was performed. Tissue was first rinsed in 1X PBS and then incubated in 3% H 2 0 2 for 15 minutes to quench endogenous peroxidase activity. After washing, DNA denaturation was conducted by steaming sections in citrate buffer (0.1 M sodium citrate and 0.1 M citric acid pH 6.0) for 10 minutes, followed by washing in 1X PBS. Next, tissue was incubated in 2.0 N HCl for 30 minutes at RT then washed in PBS. Sections were blocked with 5% normal goat serum in 1X PBS for 30 minutes at room temperature and then incubated in anti-human IgG (1:200, Sigma) for 3 days at 4uC. The IgG signal was further amplified with an avidin-biotinperoxidase complex (Vector Laboratories, Burlingame, CA), followed by incubation with DAB (DAKO)+Nickel ammonium sulfate (Sigma) substrate. Tissue was mounted on SuperFrost Plus slides and coverslipped with Cytoseal XYL mounting medium.
Data Analysis and Production of Photomicrographs
Antibody binding patterns were viewed with a Nikon Eclipse 80i microscope using either brightfield or fluorescent optics. Photomicrographs were produced with a Nikon digital camera attached to the microscope. Qualitative estimates of antibody binding in specific brain sites were made by considering signal strength and regional boundaries. An image editing software program, Adobe Photoshop 7.0 (San Jose, CA), was used to adjust contrast and brightness.
Iodination of TAM-163 and Preparation of the Dosing Solution for the Biodistribution Study
Iodination was performed by the IODO-BEADS method according to manufacturer's instructions (Pierce, Rockford, IL, USA), using ,0.5 mg of TAM-163 re-formulated in phosphate buffer saline (PBS) and 5 mCi of 125 -Iodine (Perkin Elmer; Waltham, MA, USA). A dosing solution was prepared by mixing unlabeled TAM-163, a trace amount of 125 I-labeled TAM-163, and PBS to achieve the specific activity of ,84 mCi/mg (with ,5.6% free iodine) and the final protein concentration of 0.75 mg/mL. Dosing solution was characterized by gammacounting of trichloroacetic acid (TCA)-precipitable radioactivity and gel electrophoresis, as previously described [22] .
For the biodistribution study with 125 I-TAM-163, six-week-old male lean C57BL/6J mice were given water containing potassium iodide (0.1 mg/mL) for 3 days prior to dosing and the dosing solution was administered as a single IV bolus dose into the tail vein (at a volume of 4 mL/kg to resulting in a 1 mg/kg dosage). Animals were deeply anesthetized with an IP injection of ketamine:xylazine (100:20 mg/kg, IP) and subsequently perfused transcardially with heparinized (25 U/mL) PBS. Serum (50-100 mL) and weighed tissue samples were taken at 1 hour and then at 1, 2, 6, 13, 20, 28, and 50 days post dose, with six mice per time point. Radioactive equivalent (RE) concentrations in serum and tissues were determined by gamma-counting based on TCAprecipitable and total counts, respectively, as described previously [22] .
Immunoassay for Determination of TAM-163 Concentrations in Serum Samples
TAM-163 antibody in serum samples was captured onto a microtiter plate pre-coated with rhTrkB-ECD. The bound TAM-163 antibody was detected with a mouse anti-human IgG monoclonal antibody conjugated to horseradish peroxidase (HRP). The enzyme substrate, 3, 39, 5,59-tetramethylbenzidine (TMB), was used to produce a colored end-product. Optical densities (OD) were measured using a microplate spectrophotometer at 450 nm. Sample concentrations were determined by interpolation from a calibration curve that was fit using a 4 parameter logistic equation (Softmax Pro, version 4.3.1, Molecular Devices and Watson LIMS, version 7.0.0.01, Thermo Electron Corporation). The lower limit of quantitation (LLOQ) was 14.6 ng/mL.
Statistical Analysis
Data is expressed as means 6 s.e.m. Statistical significance between two groups was assessed by one-way ANOVA followed by Tukey's multiple comparison test. Comparisons of multiple groups over time were performed by repeated measures ANOVA followed by Tukey's multiple comparison test. A p value of less than 0.05 was considered significant.
Results
TrkB is a high affinity catalytic receptor for several growth factor-related proteins (neurotrophins), in particular BDNF and NT-4 [17, 23] . Binding of BDNF or NT-4 to TrkB has been shown to induce receptor dimerization, autophosphorylation and several intracellular signaling cascades, including activation of MAPK and PI3K/AKT pathways and phosphorylation of PLCc1 [17] . We have previously described a mouse monoclonal antibody, 29D7, that is a potent and selective agonist for both human and rodent TrkB. 29D7 binds to the extracellular domain of human or mouse TrkB with high affinity, activates the downstream TrkB signaling cascade in cells, and promotes neurite outgrowth and neuronal survival in human neuroblastoma and primary rat or mouse neurons [18] . Similar to endogenous TrkB ligands, we have shown that 29D7 induces potent and sustained weight loss in diet-induced obese mice, (Manuscript in preparation). To assess the effects of TrkB agonism in other species, including non-human primates, we humanized 29D7 to generate TAM-163. Surface plasmon resonance showed that TAM-163 binds to the purified recombinant extracellular domain of both human and mouse TrkB with an affinity similar to 29D7 (Table 1) . In cells over-expressing recombinant human ( Figure 1A ) or mouse ( Figure 1B ) TrkB, TAM-163 activated multiple arms of the TrkB signaling cascade. In particular, TAM-163 dose-dependently increased TrkB autophosphorylation and phosphorylation of PLCc1, AKT and ERK1/2. Importantly, binding and signaling by TAM-163 were specific to TrkB and no cross-reactivity with TrkA or TrkC was observed in direct binding assays (data not shown) or signaling assays ( Figure 1C) . Furthermore, similar to 29D7, no binding of TAM-163 to p75NTR was observed (data not shown). To quantitate the effects of TAM-163 on signaling and compare its potency to the endogenous ligand BDNF, we used two high throughput assays in cells over-expressing recombinant human TrkB. In both assays, TAM-163 potently activated TrkB-mediated signaling as shown by increased recruitment of SHC1 to human TrkB in U2OS cells ( Figure 1D ), and increased transcriptional activation of a CRE-reporter construct ( Figure 1E ). While the potency of TAM-163 on SHC1 recruitment appeared comparable to BDNF (EC 50 s of 0.67 nM and 1 nM for TAM-163 and BDNF, respectively), TAM-163 was more potent than BDNF in the CREreporter assay (EC 50 s of 0.37 nM and 5.2 nM for TAM-163 and BDNF, respectively). Interestingly, the maximal efficacy achieved by TAM-163 was less than achieved by BDNF in both assays, suggesting that TAM-163 is a partial TrkB agonist.
To determine the effects of TAM-163 on endogenous TrkB activation, we next examined TAM-163-mediated signaling in the human neuroblastoma cell line SH-SY5Y. This cell line, upon differentiation, expresses endogenous TrkB mRNA at levels similar to what is found in human brain (G. Feng, unpublished data). TAM-163 increased phosphorylation of PLCc1, AKT and ERK1/2 with a potency comparable to BDNF, but similar to what was observed in recombinant cell lines, TAM-163 appeared to act as a partial agonist (Figure 2A ). An important aspect of TrkB signaling is ligand-induced internalization and degradation of TrkB. To investigate these processes, we used cell surface biotinylation either after activation to determine the amount of TrkB remaining on the cell-surface (internalization assay) or prior to activation to follow the fate of cell-surface TrkB (degradation assay). As can be seen in Figures 2B and C To determine the potential of TAM-163 to cross-react with TrkB from several species, we obtained the cDNA sequences from rats, hamsters, dogs, and cynomolgus monkeys. While we did not formally test the ability of TAM-163 to activate rat and hamster TrkB receptors, the high degree of identity between mouse, rat and hamster TrkB extracellular domains ( Figure S1 ) together with the efficacy of TAM-163 in vivo in rats and hamsters (see below) strongly suggest that TAM-163 retained the cross-reactivity to other rodent species. In stable cell lines over-expressing dog TrkB, we observed that both BDNF and TAM-163 increased pTrkB, pPLCc1 and pERK1/2 in a dose-dependent manner ( Figure S2 ), confirming the cross-reactivity of TAM-163 with this species. Finally, because the extracellular domain of both cynomolgus ( Figure S1 ) and rhesus monkey (not shown) TrkB showed 100% amino acid identity with human TrkB, TAM-163 is expected to interact with monkey TrkB in a manner similar to human TrkB.
To examine the effects of TAM-163 in vivo, we first used dietinduced obese (DIO) mice since both TrkB endogenous ligands, BDNF and NT-4, as well as the TAM-163 parent molecule 29D7 potently decreased body weight and food intake in this model (Refs 7 and 9, and manuscript in preparation). As expected, TAM-163 dose-dependently decreased body weight in DIO mice over a period of 3 weeks with a maximal effect of approximately 20% at 10 mg/kg ( Figure 3A ). This decrease was accompanied by a concomitant reduction in food intake ( Figure 3B ) and dosedependent improvement in insulin levels ( Figure 3C) .
Similarly to what we observed in mice, TAM-163 dosedependently decreased body weight in obese and diabetic ZDF rats by approximately 12% at 10 mg/kg after one week of treatment, with concomitant reduction in food intake ( Figures 3D  and E) . These changes were accompanied by a significant Figure 3F ). To further assess the efficacy of TAM-163 in other species, body weight and food intake were monitored in hamsters that were dosed weekly for 2 weeks and in dogs that received a single TAM-163 dose. TAM-163 induced significant weight loss in both models ( Figures 3G and H) and caused appetite suppression in dogs (not shown), suggesting that activation of TrkB receptor is an important negative regulator of body weight homeostasis and satiety in both rodents and some non-rodent species.
Previous studies have shown that peripheral administration of the endogenous TrkB ligand NT-4 increased body weight and food intake in lean cynomolgus, lean rhesus and obese baboon monkeys [7] . To determine the effects of TAM-163 in an obese monkey model comparable to our DIO mice, we used dietinduced obese rhesus monkeys. Following acclimation to experimental conditions, animals were treated for 4 weeks with vehicle followed by 1 or 4 weeks of TAM-163 and subsequent washout or a second vehicle period, using a crossover design. At the beginning of the experiment, monkeys weighed an average of 7 kg (range: 5.3 kg to 10.5 kg) and gained approximately 4% of their body weight during the 4 week vehicle run-in period ( Figures 4A and  5A) , which was considered their background weight gain. After a single injection, TAM-163 significantly increased body weight gain in a dose-dependent manner with a maximum increase of 10, 18 and 22% reached 28 days after a single IV injection of 1, 3 or 10 mg/kg ( Figure 4A ). The increased weight gain was accompanied by increased food intake at 14 and 21 days post-TAM-163 injection at the 3 mg/kg dose ( Figure 4B ).
We next examined the effects of repeat dosing of TAM-163 in obese rhesus monkeys. After a 4-week vehicle run-in period, monkeys received four weekly injections of TAM-163 (10 mg/ kg) followed by a washout period consisting of four weekly injections of vehicle ( Figure 5A ). TAM-163 administration significantly increased body weight gain with a maximal increase of 35% 49 days following the initiation of the treatment period ( Figure 5A ). Body weight gain subsided from that point on, but 91 days following the first TAM-163 injection, animals were still 20% heavier compared to their pre-TAM-163 body weight ( Figure 5A ). Serum chemistry, hematology, daily clinical observations, and behavioral assessments showed no signs of fluid retention and no evidence of abnormal behavior, while body composition analysis showed that fat and lean masses contributed equally to the body weight gain induced by TAM-163 ( Figure 5B) . Concomitant with the body weight gain observed with TAM-163 treatment, a significant increase in food intake was observed from 14 up to 49 days post TAM-163 injection, with a maximum increase of 63% 28 days following the initiation of the treatment period as compared to pre-treatment (day-7) ( Figure 5C ). Interestingly, the increase in food intake abated concomitant with the reversal of body weight gain (d. 56) and food intake was significantly decreased starting at day 70 of the treatment period, potentially a feedback mechanism to restore body weight to initial measurements ( Figure 5C ). Importantly, the effects of TAM-163 on both body weight and food intake were reversible. Overall, this data suggest that TAM-163 is a potent appetite stimulant leading to significant body weight gain in obese rhesus monkeys.
To investigate possible reasons for differences in TAM-163 pharmacology between monkeys and rodents, we examined the relationship between body weight changes and TAM-163 circulating levels after peripheral administration of TAM-163 to either lean Sprague-Dawley rats or lean cynomolgus monkeys. Similar to what was observed in obese animals, low doses of TAM-163 caused a significant decrease in body weight gain in rats, but a significant increase in body weight gain in monkeys (Table 2 ). In rats, increasing doses of TAM-163 continued to decrease body weight gain, including the very high dose of 200 mg/kg (Table 2) . In contrast, body weight gain was only observed at low and intermediate doses of TAM-163 (up to 60 mg/kg) in monkeys, while very high doses of TAM-163 (200 mg/kg) showed either no significant body weight gain (male) or body weight loss (female)
intake were recorded for a total of 91 days. Body composition was performed after the last dose of vehicle (,day 25) and TAM-163 (,day 53). Data is shown as mean 6 SEM, *p,0.05 as compared to pre-TAM-163 administration. (n = 10). doi:10.1371/journal.pone.0062616.g005 Table 2 . Body weight change and TAM-163 exposure following intravenous (IV) administration of TAM-163 to lean SpragueDawley rats and lean cynomolgus monkeys.
Maximum change in body weight (%) AUC (0-') (mg*hr/mL) Listed is the group mean maximum % change in body weight compared with vehicle controls; this is the maximum % change body weight throughout the study after administration of a single dose (n = 10/sex/group). b For NHPs, listed is the group mean maximum % change in body weight compared with the last pretest body weight; this is the maximum % change in body weight on Day 7 after administration of a single dose (n = 6 males/group and n = 3 females/group). doi:10.1371/journal.pone.0062616.t002
( Table 2 ). The serum exposure of animals to TAM-163 was comparable between the two species and increased with dose, suggesting that the differential effects on body weight in the two species cannot be explained by different exposures to TAM-163 (Table 2) . To address potential differences in TAM-163 distribution to the target organ (brain), we examined the brain penetration of peripherally administered TAM-163 in rodents and monkeys. First, we determined the tissue distribution profile of 125 I-labeled TAM-163 in lean mice. The relative concentrations of TAM-163 were highest in the serum and mean tissue-to-serum (T/S) ratios were ,25% for all tissues and time-points examined with average T/S ratios ,10% for most tissues. As expected from an antibody, average T/S ratios in the brain ranged from 0.3 to 0.6% over the 50 day period post a single dose (Table S1 ). Next, we examined TAM-163 distribution in appetite-regulatory centers of the brain by visualizing fluorescently-labeled TAM-163 (Alexa-TAM-163) six hours after peripheral injection in DIO mice and lean monkeys. All Alexa-TAM-163-treated mice showed a robust fluorescent signal in regions of the dorsal-vagal complex in the hindbrain as well as in the mediobasal hypothalamus, including portions of the arcuate nucleus and the median eminence ( Figure 6A ). These areas are known to form part of the circumventricular organ and have been implicated in appetite regulation [14] . No signal was observed in other areas of the hypothalamus, or in any other brain regions (data not shown), and no signal was observed in the hypothalamus or the hindbrain of mice injected with control Alexa-IgG ( Figure 6A ). Due to high autofluorescence, we were unable to use fluorescent imaging in monkeys. However, immunohistochemistry with an anti-human IgG antibody that does not cross-react with monkey IgG was able to clearly detect peripherally injected TAM-163 in the median eminence/arcuate nucleus of the hypothalamus as well as in the dorsal-vagal complex of the hindbrain, a pattern similar to what was observed in mice ( Figure 6B ). Again, no staining was observed in other brain regions (data not shown) or in brains from monkeys injected with Alexa-IgG control ( Figure 6B ). Taken together, our data demonstrate that TAM-163 is exclusively enriched in areas of the hypothalamus and brainstem located outside the blood brain barrier and argue against the possibility that the different pharmacology of TAM-163 between rodents and monkeys is due to differences in brain penetration. 
Discussion
In this study, we examined the effects of a well-characterized TrkB agonist antibody across a range of species. TrkB and its endogenous ligand BDNF are one of only three receptor-ligand pairs (the others being leptin/leptin-receptor and MC4/MC4 receptor) that have profound effects on body weight and food intake in mice and in man, as demonstrated in genetic studies. Thus, it is tantalizing to speculate that pharmacological modulation of this pathway could provide potent and effective therapies for body weight disorders, such as obesity. Efforts to exploit this pathway to date, however, have been disappointing and confusing. Initial studies using the endogenous TrkB ligand BDNF showed potent weight loss in a variety of rodent animal models [7, 9, 10] . However, while BDNF has been examined in numerous clinical studies ranging from single-dose to 9-month chronic administration in normal human volunteers, patients with diabetic neuropathy or patients with amyotrophic lateral sclerosis, no effects of BDNF on food intake or body weight have been reported, and no studies were conducted to directly evaluate such effects [24, 25] . More recently, a second TrkB ligand, NT-4, was found to cause potent weight loss in rodents, but equally potent weight gain in non-human primates [7, 26] . Studies comparing peripheral and central injection of NT-4 suggested that in non-human primates, NT-4 engages both appetite-stimulating and appetite-reducing pathways, while in rodents only appetite-reducing effects of NT-4 were identified [7] . No clinical data on NT-4 have been reported to date, and no data are available on the effects of peripherally injected BDNF in non-human primates. A TrkB-specific mouse monoclonal agonist antibody, 38B8, recapitulates the effects of peripherally administered NT-4 on body weight in mice and lean cynomolgus monkeys, suggesting that these effects of NT-4 are mediated by TrkB. However, 38B8 has not been extensively characterized in vivo and its effects in man are unknown [7] .
Here we use a well-characterized monoclonal TrkB agonist antibody, TAM-163, to examine the pharmacological effects of peripheral TrkB activation in different species. Unlike 38B8, TAM-163 contains a human IgG backbone, which increases its half-life and decreases its immunogenicity in primates, while retaining its properties in rodents, making it a more suitable tool reagent for non-human primates. The parent molecule of TAM-163, 29D7, has been well characterized both in vitro and in vivo [18] , and we have shown that TAM-163 retains binding and signaling properties of 29D7 across multiple species. TAM-163 activates TrkB and induces its internalization and degradation in a manner very similar to BDNF, suggesting similar intracellular trafficking after receptor activation. One major difference between TAM-163 and BDNF is that TAM-163 appears to be a partial agonist with respect to several signaling pathways. Since this partial agonism is present to a similar extent for both mouse and human TrkB, comparison across species is still valid using this reagent.
The preclinical in vivo pharmacology of TAM-163 is similar to what has been described for the endogenous TrkB ligands BDNF and NT-4. We observe potent weight loss in mice, but equally potent weight gain in monkeys. Our data extend previous preclinical studies with the TrkB-specific reagent 38B8 in several ways. First, we demonstrate that weight loss with a TrkB-specific agonist is observed not only in mice, but also in rats, hamsters and dogs. Second, we show that weight gain induced by a TrkBspecific agonist is present in lean cynomolgus and obese rhesus monkeys and is reversible in both species. Careful in vitro signaling experiments as well as cloning and examination of the TrkB sequences from several species establish that the observed effects are unlikely to be linked to differential activation of TrkB across species. Finally, we show that the opposite pharmacology observed with TAM-163 between rodents and non-human primates is observed primarily at low doses of a peripherally administered TrkB agonist, and cannot be explained by differential exposure to the antibody in the different species.
An important aspect of our study is the comparison of pharmacological effect with exposure in rodents and monkeys at different doses of TAM-163. Based on central and peripheral injection experiments of NT-4, a dual role of TrkB in the regulation of food intake in monkeys has been suggested, where activation of peripheral TrkB increases energy intake, while central activation of TrkB decreases energy intake [7] . The biodistribution parameters of TAM-163 in mice are in line with those observed with other human IgGs, with tissue-to-serum concentration ratios of ,10-20% in perfused organs and 0.1-0.6% in brain [22] . Although we have not been able to study the biodistribution of radiolabeled TAM-163 in monkeys, it is reasonable to assume similar values for primates. We hypothesize that low doses of TAM-163 (1-20 mg/kg) result in exposures sufficient to reach target engagement in peripheral tissues and CVOs, but not in deeper brain structures (inside BBB), leading to the activation of a subset of neurons that may not be critical for appetite suppression. However, at high doses (100-200 mg/kg), the exposure of TAM-163 would lead to target engagement in peripheral tissues, CVOs and deeper brain structures. We thus propose that the lack of weight gain observed in non-human primates at high doses of TAM-163 reflects engagement of the TrkB receptor both inside (central) and outside the BBB (peripheral). It would appear in this case that appetite-stimulating and appetite-reducing circuits cancel each other out, although some weight loss is observed in female monkeys at the highest doses. Thus, our data validate the ''dual role'' hypothesis for TrkB effects on appetite in monkeys.
The molecular mechanism responsible for the paradoxical differences between rodents and non-human primates is currently unknown, but we speculate that the neurocircuitry involved in food intake regulation may differ between these two species. Precedent for such species-differences has been reported for other appetite-regulatory circuits. For example, it has been reported that NPY is mainly expressed in the arcuate nucleus of the hypothalamus in adult rats, while it is also found in several hypothalamic regions in non-human primates, including paraventricular nucleus and supraoptic nucleus [27] . Furthermore, the anatomy of CART-containing neurons in humans was found to differ markedly from that observed in rodent brain, with CART expression found in NPY/AGRP neurons in humans but not in rodents [28] . It is thus possible that, although TAM-163 reaches similar regions of the brain in rodents and non-human primates, the neuroanatomy and/or neuronal projections differ significantly between species, leading to the recruitment of different downstream effectors involved in the regulation of energy balance.
In summary, our data show that TrkB activation with low doses of a humanized antibody leads to significant weight loss in several species, including mice, rats, hamsters and dogs, but significant weight gain in non-human primates. Circulating drug levels and brain localization of TAM-163 could not explain these differences, suggesting a possible difference in brain neuroanatomy between rodents and monkeys. Our data confirm previous reports of species-differences in response to TrkB agonist ligands. Clinical evaluation of TrkB agonists will be required to determine the pharmacology of this pathway in man and the potential utility of TrkB agonist agents for body-weight regulatory disorders, such as obesity, anorexia or cachexia. 
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